CHAPTER III
LITERATURE REVIEW

The use of group 4 metallocene complexes as homogeneous Ziegler-Natta

catalysts is well established for the polymerization of olefins. In comparison with

tallorablllty of this new generation of catalysi€ r}:edly promote the stereospecific

ontrol over the properties of

a new macromolecule,

syndiotactic polystyren 1d ucec high stereoregularity and

synthesis of new kin of half-sandwich titanocenes and the elucidation of the

relationship of m 10r. Basicity, steric
effects, and cm@ﬂﬁj};ﬂ;ﬂ e ;“;\ttm[ﬁ etal centers strongly
influenced the merization.
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Titanocenes

Ishihara et al. [5] found that a mixture of titanium compound (TiCly, Ti(OEt)a,
or CpTiCl;) with methylaluminoxane catalyzes the polymerization of styrene, even
above room temperature, to the pure syndiotactic polystyrene, which has molecular

weight distribution (M,/M,) of 2. Pure syndiotactic polymers are also obtained with
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ring-substituted styrenes, Monomer reactivity is enhanced by electron releasing

substituents on the aromatic ring.

Fan et al. [56] studied powdery syndiotactic polystyrene (SPS) synthesized in
a bulk process with the homogeneous metallocene catalyst system,
(77-pentamethylcyclopentadienyl) titanium trichloride/methylaluminoxane/triisobutyl
aluminum. The morphology of the nascent polymer particles were investigated. The
crystallinities of the as-polymerized polymer samples at different conversions were
also studied. The expenmental p’ sted that manipulating the relative

crystallizing rate to exceed t rate in the initial stage of the

polymerization is feasible Ws&the ﬂ)w

Flores et / tested a  series of

monocyclopentadienylii i 'ﬂ%t '1-(2-phenylethyl)-2,3,4,5-
tetramethylcyclopentadi (ganc { ’}Q (1). The reaction of

ni

CsMe4(SiMe3)CH,CH,LP size the trichloro complex
(CsMe4CH,CH,Ph)TiCl5 (3 which was confirmed by an
X-ray diffraction study. Co mverted into (CsMesCH,CH,Ph)
TiMejs (4). Reaction of the lattef"‘-v&ﬂi—l uivalent of [PhyC][B(CgFs)s] was almost

quantitative to give th "catlonlc“"c'érﬁpldk
A

Complex (5) was the highy-unstabie-m-so tution and ver: Roisture sensitive. Complex

(4) was readily hy@)ly ed 2FﬂTiMez 2(£+0) (6) wupon

recrystallization in wet peoptane Structural data indicate intramolecular coordination

of the phenyl grﬁp ﬂ'l %‘? Wﬁ{]}lﬁﬁe no such indications

for complex (3),44), o he cata ytlc performance for styrene polymerlzatlon of

comple a& ﬁﬂpﬁmﬁ m ’1 ed with the
nonsubstituted refer aﬁj7 )@:ﬁed in situ by

reacting complex (4) with [Ph3C][B(CeFs)s4], has also been found to be active for the

syndiospecific polymerization of styrene. The polymerization data for complexes (3)
and (5) lead to the tentative suggestion that the active species is in equilibrium
between two states, one with and one without intramolecular phenyl coordination to

Ti. This finding would be consistent with postulated multihapto coordination of
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styrene by both the vinylic double bond and the aromatic ring to the metal center

during the catalytic process.

Kim et al. [58] synthesized and tested five substituted indenyltrichlorotitanium
complexes, characterized by spectroscopic methods and their catalytic behavior for
the polymerization of styrene in the presence of methylaluminoxane (MAO).
Substituted indenyl ligands include 1, 3-dimethyl, 1-methyl, 1-ethyl, 1-isopropyl and
1-(trimethylsilyt)indenyl ~ groups (Figure 3.1). All five complexes gave pure

syndiotactic polystyrene, with co ver

properties were compared with th DA
MAO system. The catalyti 13 is-!nhaﬂiess bulky and better electron
releasing substituents of i

order of (5)<(4)~(3)~

(1) R;= CHs; T R, = CH(CHs), ; R, =H

2)  Ri=CHs; RyziHi | R, =SiMes; R, =H
(3) Rl_ i R]=H;R2=H

Figure 3.1 I ' orotitanﬂn compounds.
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trichloride (BZC;# iCl3) from benzyl bromide, cycl:()Eentadienyl litaiym, and titanium
QU IFITEH IR RPN Bo o e
syndiotactic polymerization of styrene. Kinetic measurements of the polymerization
were carried out at different temperatures. The polymerization with BzCpTiCl;/MAO
differs from the polymerization with CpTiCl3/MAO in its behavior toward the Al/Ti
ratio. In addition, high activities are observed at high AI/Ti ratios. By analyzing the
polymerization runs and the physical properties of the polymers with differential

scanning calorimetry, >C NMR spectroscopy, wide-angle X-ray scattering
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measurements, and gel permeation chromatography, it was found that the phenyl ring

coordinates to the titanium atom during polymerization.

Xu and Cheng [60] studied the effective catalyst precursor for syndiospecific
styrene polymerization, namely [2-Me-thBenz[e]Ind]TiCls (Ic), [2,3-Me,-thBenz[e]
Ind]TiCl; (Ilc), [1,2,3-Mes-thBenz[e]Ind]TiCls (Illc), [2-Me-3-Ph-thBenz[e]Ind]TiCl;
(IVc) and examined the influence of ligand pattern on the catalyst activity and
polymer properties. Of all titanocenes examined (Figure 3.2), [2-Me-3-Ph-thBenz[e]
Ind]TiCl; (IVc)/MAO showed the highe ity at low Al/Ti ratio of 1000, revealed

i
!
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significant increase of the ratio . of the pw aMo chain transfer termination

of monomer, and exhibited a

as evidenced by the kin spectrum showed that the
\-\

higher activity of tetrahydrob adenyl-bz \\7 s due to a great number of

active species.

Ic:Ris RSy o R, = H, R, =R; = CHj
Il : h‘r‘ ............. R H, R, = CH3, Ry =Ph

Figure 3.2. Substltugd tetrahydrobenz[e]mdenyl trlch@)rotltamum compounds.
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Table 3.1. Syndiotactic polymerization of styrene using methylaluminoxane activated

half sandwich titanocene

titanocene |  Yield Activity % SPS ¥ i M, M,/ M,
@ | (x107) (x107)
Ic 15 13.61 95.2 270 0.95 2.1
Ilc 7.0 12.70 96.1 272 1.79 2.0
Illc 43 2.56 2.3
IVe 8.0 6.57 2.0

likoxyl-substituted half-sandwich
l (2), methoxyisopropyl (3),
ested as catalyst precursors for
> different structures of the
lymerization was carried out
s, even at the low molar ratio of
s [CpTiMe]".[MAOX] ~.nMAO.

The [CpTiMe]" made up the core n mass [MAOX] .nMAO surrounded

the core. The existence of e

th€ alkoxyl ligand stabilized

ic_higher temperature of the

2
ﬂumwﬂmwmm
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the active species mor&ef

maximum activities. m
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Table 3.2. Syndiotactic polymerization of styrene with MAO and various CpTiCl,X

complexes
Catalyst | [Ti] AUTi t, | Yield | Activity | % SPS T
(mmol/L) | (mol/mol) | (h) (g) (x10) (°C)
1 0.42 2000 1.5 | 04565 | 3.50 95.1 260
0.21 4000 13 | 03467 | 0.61 95.1 -
2 0.42 2000 2 | 0.6745 | 3.88 96.9 261
0.21 4000 55 | 0.86 96.8 -
3 0.42 2 & 4.03 97.3 260
0.21 1;%? 1# 55007 089 | 946 .
4 0.42 fj BREEE “ia | 967 | 263
0.21 13} 103740 (. 0.66 95.0 .
5 0.42 227200.6 67 97.1 261
0.21 L T 03128 \\55 93.8 .

Activity = (g of PS)/[(mel offTi) (mol'of styrene ]\

Kaminsky er al. [62] investicate rinated half-sandwich complex of

titanium, CpTiFs. It showed an i

= L

chlorinated compl@g‘g In a tem

of up to a factor of 50 compared to
-70°C the excess of
olar ratio of 300. The

methylaluminoxane (MA /
highest melting point of 277°C using‘&ntamethylcyclopentadienyl
titanium trifluoride Cp*TiFz. This fluorinated complex affords polymers with a

sgniscanty O HEEDY VNS VI Foicd compiex. Al

substitution of tfé cyclopentadienyl *\gand can mcrease the act1v1txJSchellenberg and

e QU LG P Y T YR B

titanium “trifluoride (Cp*TiF3) in the presence of relatively low amount of
methylalumoxane (Al/Ti molar ratio of 200) and triisobutylaluminum, is significantly
increased by the addition of phenylsilane (molar ratios of phenylsilane/Cp*TiF3
ranging from about 300/1 to 600/1). A prereaction of phenylsilane with the catalyst
mixture shows a behavior that is strongly dependent on the storage time of the

composition and the temperature. A storage time of about 16 h would cause the
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polymerization conversion to reduce to about half of the original value. The results

are discussed on the basis of a chain -transfer reaction with phenylsilane.

Rhodes et al. [64] synthesized and studied catalytic activity of several titanium
(IV) complexes of the type CpTi(NMe;)s [Cp = cyclopentadienyl (1),
(dimethylaminoethyl)cyclopentadienyl 2), indenyl (3} and
pentamethylcyclopentadienyl (4)] in the polymerization of olefins. Complexes (1) and

(2) catalyzed the polymerization of ethylene in the presence of methylaluminoxane

with a much higher activity than comple - (4) of which has activity similar to
that of CpTiCls. The preactiv 6 1th trimethylaluminum (TMA)
resulted in an increase in : complexes (1) and (2) were
successfully used as ene copt ation catalysts, producing
polymers with various ene poration, depending on the amount
m e effectively polymerized

. Complexes (3) and (4)

polymerized styrene wi reas 2 produced only atactic
polystyrene

Kim et al. [65] synthe51 containing cyclopentadienyl ligands
by the reactions of Erlowmai : th (CsMesR)TiCls  in the

presence of triethylami -\—;_--v:;;-:-— .3), att compt v-very high catalytic activity
olymer

for the syndiospecifi 1
methylaluminoxane (MM?O) cocatalyst (Table 3.3).

ﬂumwamwmm
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in_the presence of modified
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Catalyst T S My M, My | M,
)
(77-CsMes)TiCls 7 95.4 | 182,300 | 87,800 | 2.09
1 273 982 [ 292,000 | 71,700 | 4.07
(77-CsMe H)TiCly 0. 86.7 | 15300 | 8,300 185
2 . 9 | 96.8 | 43200 |22,500 | 1.92
(17-CsMesEt)TICl; 0. 25,300 | 9,600 2.62
3 T 65,700 | 34,600 | 1.90
(77-CsMe,Ph)TiCl, 1.3 . Eﬂ 22,000 | 12,400 | 1.77
4 1.98 ' 1.40 44 273.7 | 98.7 | 123,500 | 68,800 | 1.80
(1f-C5Me4Tol)TiCl61 ‘i‘°|5§ fm—% w nlzﬂ -3{;0,300 11,400 | 2.65
5 lﬂlJ R b ) 81 9757 [M33,600 | 74,600 | 1.79
6 | 223 1.57 & 50 2739, | 98.7 | 31400 | 17,100 | 1.84
‘Q’Wﬁ' | 27 Pﬁi’ 3@6& 18,500 | 1.82
89 1.92 1.35 42 2733 | 98.5 | 34,000 | 18,900 | 1.80
9 2.61 1.84 57 2748 | 988 | 31,600 | 17,200 | 1.84
10 2.29 1.61 50 2754 | 99.0 | 33,400 | 17,900 | 1.86
11 1.83 1.29 40 273.6 | 988 | 34,100 | 17,200 | 1.98
12 0.92 0.65 20 2735 | 97.4 | 135,800 | 48,400 | 2.81

Activity = (g of PS)/[(mol of Ti) (mol of styrene) h]

120923850
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Wu et al. [66] investigated syndiotactic polymerization of styrene with
cyclopentadienyltribenzyloxy titanium/methylaluminoxane (MAO) catalyst. The
reaction conditions, e.g., the concentration of Ti, MAO, styrene, temperature and the
content of retained trimethylaluminium (TMA) in MAO effected on the catalytic
activity, syndiotacticity and molecular weight of the polymer. With the concentration
of MAO = 0.17 mol/l, the catalyst exhibits higher activities. The catalytic activity
increased with increase of the concentration of MAO, and reaches a maximum value
at the concentration of MAO of 0.5 mol/l. The molecular weight of the polymer

decreased and the molecular wexg\h\k%rllf ?: Eecame narrow with increasing of the

MAO concentration. The ¢ as necessary for activating the
titanocene molecules a ?"ﬂg lﬂPUWOnally, the MAO acted as a
chain transfer agent, so 1gh j} e MAO concentration used, the lower is the

catalytic activity was directly

molecular weight of the

For industrial gas Se= --" y« polymerization processes, however,

he ij% ?orphology of the resulting

Fand-fragmentability of the catalyst

these particle growth 3rocesses anii coﬁffois

polymer. In this resf he
support should be in bzﬁnce’ Partiz ﬁeved by using Si0,, Al,Os3,
MgCl, as well as polymder resins as carrlers Drawbacks of these systems include

leaching of thﬂautﬁlfyg Wﬁ ﬂﬁqﬁﬂﬁntatlon of the carrier
it exposure of new

matrix. Complete)fragmentation w polymerlzatlon active centers

o] mmﬂ:ﬁmﬁm IS

surface structure as opposed to polymer carriers.

Crosslinked polystyrene beads possess several of the attributes of an ideal
catalyst support. They are unreactive to the metallocene cation, commercially
available in different sizes and crosslinking densities, and amenable to numerous

functionalization procedures utilizing both nucleophiles and electrophiles.
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A particularly important property of lightly crosslinked beads is their ability to swell

in organic solvents.

Xu et al. [67] prepared CpTiCls on polymer supports with different hydroxyl
contents for styrene polymerization. The supported catalysts exhibited high activity
even at low Al/Ti ratios and increased the molecular weight of the products,
indicating that polymer carriers could stabilize the active sites. The polymer obtained

by supported catalysts had a high fraction of boiling n-butanone insoluble part and

high melting temperatures, but results showed that syndiotacticity
decreased compared with that of ]
study on the supported catalysts o ﬁrnt:d tm&alyst supported on the carrier

dropped into the solutio

ith an unsupported catalyst. ESR

system when they reacte met MR analysis showed that
the polymerization ( sites was an active-site
controlled mechanis lled mechanism of the

unsupported active sites.

Yu et al 1 p ‘ --5_. yistyrenc co-acrylamide)(PSAm)-titanium

complexes (PSAm.Ti). The cod!:dmano' r of acrylamide (Am) to Ti in the
T

complexes is strongl)ﬁiiependé'nt"on%n&é itent in PSAm, but not on [Am]/[Ti] ratio

in the feed. The "‘";;_;"';_'_';""'; ------------------- seCira suggest that polymer-

T1<——O

uiangningng
The catﬂ‘\ﬂgv@ ﬂrﬂ@ mf;ljﬂ ] E[ﬂ Hr] aeﬂomplexes 13

NMR, IR, and DSC data indicate that polystyrene obtained with PSAm.Ti/MAO is
highly syndiotactic. Use of Et;Al and i-BusAl in place of MAO gives atactic
polystyrene. The activities of the various aluminum compounds used as the
cocatalysts decrease in the order: MAO > Et3;Al > i-BusAl The polymer-supported
complexes show relatively high activity even after the complexes had been exposed to

air for 19 h or higher polymerization temperature.
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Hong et al. [69] used poly(styrene-co-divinylbenzene) beads supported rac-
Ph,Si(Ind),ZrCl, for ethylene polymerization using methylaluminoxane (MAO) as a
cocatalyst. At a polymerization temperature below 100°C, the catalyst showed high
activity to give polyethylene beads replicating the shape of the carrier. With
increasing polymerization temperature up to 150 °C, the catalyst activity increased

drastically but the spherical shape of polyethylene disappeared due to the melting.

Stock et al. [70] studied zircon

s phase or slurry process ethylene

er zirconocene catalysts with a
) J

A w were shown to be highly

en by scanning electron microscopy.

cene dichloride/methylaluminoxane catalyst

supported on a crosslinked pol
polymerization. This provi
homogeneous distributio

active and to form spherica

conditions of the supported ca

-F;__';r“‘r"'l::}?l".-\ ‘,- =
supported catalyst P,i_'&yed a decisive fol ¥ he (catalytic behavior of the
supported catalyst ‘;-s operties [R and X-ray photoelectron

spectroscopy were used to follov t the supports. The bulk density of
l ¥

the polyethyléne formed. was -higher tha&,that of the polymer obtained from

homogeneous aﬁ %ﬁ-ﬁ}%ﬁ%ﬁl%ﬂ@uﬂﬁane catalyst systems.

ARAITTI VY INeaED
o3 On | :: {:'cpzaz

Figure 3.4. Structure of the core-shell-particle-supported catalyst.
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Nenov et al. [72] prepared and tested a new catalyst system based on easily
accessible crosslinked (by Diels-Alder reaction) polymeric supports, functionalized
with nucleophilic polyethyleneoxide monomethylether (PEO-M). The metallocene-
MAO complex is noncovalently bonded to the support. The polymerization of
propylene and ethylene with Me,Si(2MeBenzInd),ZrCl, is performed using this
support. The resulting polymers have high molecular weights and melting points and
narrow molecular distribution. Polypropylene is produced with 95% isotacticity
similar to that from homogeneous catalysis. The productivities of up to 8600 for
polypropylene and 1300 (kg polyme W . hour. bar) for polyethylene are
comparably high. The product beads e énorphology.

.J

Roscoe et al.

metallocenium salts o

from lightly crosslin ‘ yrene beads (Figure 3.5). The
polymer-supported cat ' for the polymerization of
ethylene and propylene ogeneously throughout the
polystyrene particles. The lysts affords a high degree of
control over the olefin u problems of premature catalyst
fragmentation that often plague high- Sarea heterogeneous catalysts based on

Al PR

highly reactive SpCClS The M& nter fons be he metallocene cation and

the amine functionalit¥-of-the-support-m: aterial \"[ to prevent extraction
under polymerization T ‘ Eﬂicle morphology of the

polyolefin produced.

ﬂUEJ’JWEWl‘ﬁWEJ']ﬂ‘i
ammmm UANAINYA Y
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Figure 3.5. Sequential [ I ethylated polystyrene-DVB beads
with a secondary amine, af salt of*the is(perfluorophenyl)boron anion,

and a dimethylmetall

A
Kishi et al. [74] Y pported borate complexes using poly
(styrene-co-4-bromostyrene)" a as carriers. These complexes
were reacted with rac-Et[Ind]2 A-‘-‘n 0 “l{(Cp)Flu]ZrCl, in toluene, at a molar

catalyst prepared withEolys er diﬂayed far less activities for

both ethylené and promyl'ge polymeriza&'gns it was found that the shape of

pyelgiene °ﬁ’H%}‘}WE‘+‘H TNHATR
n sil reated  with
I INY I8y
tris(pent uoroph boran 6F's)3, to create borane-functionalized support,

Si02-B(CeFs); which was then used as a support and cocatalyst for the in situ
activated  dichloro-zirconocene  (Cp,ZrCly/TIBA) and  dimethyl-zirconocene
(Cp2Zr(CHs),) for ethylene polymerization. The surface modifications of SiO,-B
(CgFs)3 were investigated by SEM-EDX, FTIR and XPS to determine the distribution
of fluorine and boron atoms on the silica surface as a measure of the presence of

B(CeFs); and interaction with the siloxane groups of the silica support. Catalytic
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performances were presented in the form of ethylene consumption rate profiles. All
pre-activated systems showed activity decay. In contrast, the in situ activated systems
either showed little or no activity decay. The presence of TIBA was adequate to make
an active MAO-free catalyst system. The pre-activated and in situ activated
metallocene systems produced polyethylene with slightly different molecular weight
and molecular weight distribution (MWD = 3). The bulk density of polyethylene
product is highest for the in situ activated metallocenes, but there is no difference

between the products of dichloro- and dimethyl-zirconocenes.

3.3 Copolymeri"llmz,.“n"-h:\®.r ‘ ',//é/_-,

‘_-l-'"J

Kawabe and ~studi \oymerization of styrene and

(trimethyl)pentamethylCyclépentadienyl ium iMe;) , trioctylaluminum

at -25°C. The addition of

(AlOct3) , and tris(pente )
AlOcts as a third compone G i3 it is effective both to promote the

Was thus concluded that the
p*TiMes/B(CeFs)/AlOct; catalytic
system proceeded under living fashion at -25°C. The *C NMR analysis clarified that

each of the h %’Bé}%ﬁ% (ﬁ)%&} ﬂ)ﬁs%d highly syndiotactié
U

structure.
¢

AR AINIANAINEA

Seppala et ] studied the copolymerization of ethylene and styrene using

polymerizations of the styreni

the catalytic system CpTiCl;—methylaluminoxane. The polymerization product was
composed of polyethylene and syndiotactic polystyrene. No ethylene-styrene
copolymer was detected. The composition of the product was dependent on the
polymerization conditions. The catalystic activity was highest at polymerization
temperature of 30°C and Al/Ti molar ratio of 1500. Styrene content of the product

was highest at polymerization temperature of 50°C and Al/Ti molar ratio of 1500. The
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formation of separate polymer fractions might indicate a different polymerization
mechanism for the two monomers, the presence of more than one active species in the

catalyst, one producing polyethylene and the other syndiotactic polystyrene.

Pappalardo et al.[78] investigated the copolymerization of ethylene and
styrene using the catalytic system Cp*Ti(CH,Ph);-B(CgFs)s. Alternating ethylene-
styrene copolymer was obtained, together with some polyethylene and syndiotactic
polystyrene, from which the former could be seperated by solvent extraction. NMR

analysis of suitably C" -enric shows that the regiospecificity of

styrene insertion in the initiati

Chien and He v- ' uldlzed bed polymerization

PO
P
S /?' fir t and then with Et[Ind],ZrCl,. It
J/f 0. This catalyst produces

process by reacting macrop

contains 0.60 wt% o

homogeneous ethyleng/propylenc I : ;-. H ith ly random copolymerization
behaviors and requires a4ota ‘ ol : tio of only 670. Several times larger
amount of MAO would be
the Et[Ind],ZrCl,/MAO catalyst ‘ his random copolymerization is

> copolymerization activity for

independent of catalyst concen | J 7and composition. Activation of the supported

catalyst with i-butylalun tri<i-buty xane, or trimethylaluminum

resulted in lower ctivity and copolyme g ethylene content and

crystallinity. m | m
ﬂﬁﬂ?'ﬂﬂﬂ'ﬁ’ﬂﬂqﬂ'ﬁ
quaﬂﬂim UNNINYIAY
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